INTRODUCTION
Prior evidence involving dopamine and the prefrontal cortex in the pathophysiology of schizophrenia Several brain abnormalities have been claimed in schizophrenia, but the pathophysiology of the disorder remains unclear. Of the many reported findings, two lines of research data have emerged as particularly consistent, involving pathology of dorsolateral prefrontal cortex and dysregulation of the dopamine system. Abnormal dorsolateral prefrontal cortical function has been implicated in a number of neuropsychological and neuroimaging studies (Weinberger et al. 1986; Weinberger, 1987; Braff et al. 1991; Goldberg & Gold, 1995; Andreasen et al, 1994; Frith et al, 1995 , Callicott et al., 1998 . Moreover, post mortem tissue studies have found evidence of subtle pathology of dorsolateral prefrontal glutamatergic neurons and of their connectivity (Selemon et al. 1995; Lewis, 1997; Perrone-Bizzozzero et al., 1996; Rajkowska et al., 1998) . On the other hand, while involvement of dopamine in the pathophysiology of schizophrenia is uncontested, the true neurobiological mechanisms underlying its dysregulation are still unclear. The «dopaminergic hypothesis)) of schizophrenia, that suggested hyperactivity of central dopamine neurons, was based on indirect pharmacological evidence (Carlsson, 1988) ; for example, dopamimetic drugs such as amphetamine have psychotogenic properties and antipsychotic drugs, such as chlorpromazine, are dopamine antagonists. Efforts to measure directly dopamine concentrations, (Hietala et al., 1994; Kornhuber et al. 1989; Lee et al., 1978; Knable et al., 1997) . However, three recent studies using D2 radioreceptor imaging have found that amphetamine causes larger displacement of the ligand from striatal receptors in schizophrenia than in healthy subjects, suggesting greater release of dopamine following amphetamine challenges (Laruelle et al., 1996; Abi-Dargham et al., 1998; Breier et al., 1997) . These data have reinvigorated interest in a dopamine abnormality, not in terms of «too much dopamine» per se, but in more subtle terms of abnormal responses-of dopamine neurons to stimuli.
Is pathology of neurons in prefrontal cortex associated with dysregulation of dopamine?
Until relatively recently, the possibility that pathology of dorsolateral prefrontal cortex and dopamine dysregulation might be directly linked neurobiological phenomena has received little attention. In this regard, evidence from experiments in rodents, has indicated that the prefrontal cortex through glutamatergic projections (Divac et al., 1978) regulates the burst firing patterns (Svensson & Tung, 1989; Murase et al., 1993) and the number of spontaneously active dopamine neurons in the ventral brainstem (the neurons projecting to prefrontal cortex and to the striatum) (Shim et al., 1996) . Moreover, it has been demonstrated that prefrontal lesions exaggerate the release of subcortical dopamine evoked by drug challenges (including amphetamine) as well as by stress (Braun et al., 1993; Jaskiw et al., 1990; Flores et al., 1996; Roberts et al., 1994) . Sociale, 8, 4, 1999 Such observations have led to speculation that prefrontal pathology in schizophrenia may lead to secondary dysregulation of subcortical dopamine activity, thus explaining dopamine related symptoms as resulting primarily from disordered cortical function (Weinberger, 1987; Jaskiw & Weinberger, 1992; Davis et al., 1991; Deutch, 1992 ).
Epidemiologia e Psichiatria
An elaboration of this hypothesis was proposed by Grace (1991) , who anticipated from studies in rodents that a decrease in dorsolateral prefrontal cortex function in schizophrenia might lead to a reduction in tonic dopamine release. A corollary of this hypothesis is that in the context of such reduced tonic or steady-state dopamine activity, the response of dopamine neurons to phasic events, e.g. the depolarization of dopamine neurons in response to behaviorally relevant or to pharmacological stimuli (Grace, 1991; Schultz et al., 1997) , might be exaggerated, perhaps accounting for the exacerbation of symptoms and clinical decompensation that often occur in patients during stress.
NEUROIMAGING EXPERIMENTS

Brief introduction to the techniques used
In our laboratory, we have performed several studies with the purpose of investigating the relationship between neuronal integrity of dorsolateral prefrontal cortex and steady-state and stimulus-induced striatal dopamine activity in patients with schizophrenia. We have assessed neuronal integrity in vivo using proton magnetic resonance spectroscopic imaging ('H-MRSI) which provides measures of N-acetylaspartate (NAA). We have instead assessed dopamine activity in vivo using D 2 radiotracer imaging techniques that allow measurement of steady-state and stimulus-induced release of subcortical dopamine.
Without going into many details, in the mature brain (when glial and neuronal cells are completely differentiated), NAA is found exclusively in neurons and in highest concentrations in pyramidal glutamatergic neurons (Urenjak et al., 1993; Moffet & Namboodiri, 1995) . NAA synthesis takes place in the mitochondria, it is ADP dependent and uses glutamate as a precursor (Bates et al., 1996) . While the biological role of NAA has yet to be clearly defined, it acts via the glutamatergic NMDA receptor to elevate intracellular calcium (Rubin et al., 1995) ; its concentrations are reduced by pharmacological inhibition of mitochondrial energy metabolism; its reductions correlate highly with the relative reduction of ATP and O 2 consumption (Bates et al., 1996) . Moreover, a number of studies have demonstrated that NAA reductions are reversible suggesting that NAA is sensitive to pathological processes affecting the function of neurons (Clark, 1998) . Based on the above evidence, it has also been speculated that, at least in the context of pathology, NAA measures may vary as a correlate of glutamatergic activity of neurons. A number of studies in schizophrenia have shown that NAA relative concentrations are reduced in the dorsolateral prefrontal cortex and in mesial temporal limbic structures (including the hippocampus) suggesting regionally specific neuronal pathology in these two regions (Buckley et al., 1994; Nasrallah et al., 1994; Renshaw et al., 1995; Maier et al., 1995; Bertolino et al., 1996; 1998a, b, c; Deicken et al., 1997) .
Radiotracer imaging techniques such as Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) use similar technical principles for the study of dopamine receptors. The radiotracers we have used are 123 IBZM for the SPECT study and n C-Raclopride for the PET experiment (see below). These tracers have high selectivity and low affinity for dopamine D 2 / D 3 receptors and compete with synaptic dopamine for receptor occupancy (Breier et al., 1997) . These techniques can be used for measuring steady-state and simulus-induced activity of dopamine. For the steady-state measurement, once infused, the tracer will bind to free receptors, whereas those receptors occupied by dopamine will remain untouched. Therefore, the measured radioactivity will represent the density or affinity of the free receptors and, by inference, it will allow indirect measurement of the steady-state activity of dopamine. For the stimulusinduced experiments two infusions of tracers are performed. With the first, one can measure the steadystate activity. After the first infusion of radiotracer, the stimulus is provided (the stimulus can be pharmacological or of other nature) and then a second infusion of radiotracer is performed. Since these tracers have low affinity for the receptors, they will be easily displaced by the stimulus-released dopamine. Therefore, by subtracting the radioactivity measured after the stimulus from the radioactivity measured at steady-state obtained in the same experiment, it is possible to indirectly measure stimulus-induced release of dopamine.
Evidence for the association between prefrontal pathology and dopamine activity in schizophrenia Based on evidence that dopamine neurons are modulated by excitatory inputs from prefrontal cortical neurons and in agreement with Grace's theory, we hypothesized that compromised neuronal integrity in dorsolateral prefrontal cortex would predict low basal dopamine activity. In further agreement with Grace, we also hypothesized that dysfunctional inputs from prefrontal neurons would predispose dopaminergic neurons to exaggerated stimulus-induced responses.
In the first experiment (Bertolino et al., 1999) , we assessed the relationship between striatal dopamine receptor radiotracer binding (as assessed with 123 IBZM-SPECT) and dorsolateral prefrontal cortex neuronal integrity (as assessed with 'H-MRSI measures of NAA). We studied 14 patients with schizophrenia who had been drug-free for at least two weeks. The results of this study showed a negative correlation between NAA relative concentration in dorsolateral prefrontal cortex and steady-state striatal 123 IBZM binding in the patients. No correlation was found for NAA relative measures in any of the other cortical regions sampled. Therefore, these data suggest that dorsolateral prefrontal cortex neuronal integrity is selectively predictive of steady-state levels of striatal dopamine activity in patients with schizophrenia. The negative correlation between NAA measures and [ 123 I] IBZM binding to dopamine receptors suggests that the lower is the NAA, the higher is the binding. In other words, as hypothesized, more neuronal pathology in the dorsolateral prefrontal cortex is correlated to higher binding of the tracer and, by inference, to lower steady-state activity of dopamine.
In the second experiment (Bertolino et al., submitted for publication), we assessed the relationship between striatal stimulus-induced release of dopamine (as assessed with n C-Raclopride PET) and neuronal integrity in dorsolateral prefrontal cortex of eight patients with schizophrenia (four drug-naive and four drug-free for at least two weeks) and eight healthy controls. To study stimulus-induced release of dopamine in these subjects, we infused amphetamine (which causes a large release of monoamines and in particular of dopamine) between the two infusions of radiotracer (see above). We found a selective negative correlation between NAA measures in dorsolateral prefrontal cortex and changes in striatal raclopride binding after amphetamine infusion in patients with schizophrenia. Lower NAA measures in dorsolateral prefrontal cortex predicted greater decrease in raclopride binding, likely caused by increased amphetamine-induced release of dopamine. No other region in the patients or NAA measures in dorsolateral prefrontal cortex of healthy subjects showed this correlation, underlining the regional specificity of this relationship and its association with schizophrenia. Therefore, as hypothesized, these data demonstrate that the apparent increased release of striatal dopamine after amphetamine infusions in patients with schizophrenia is related to NAA measures in dorsolateral prefrontal cortex.
Evidence for the association between prefrontal pathology and dopamine activity in animal models of schizophrenia
As a test of the interpretation of our results in patients with schizophrenia, we performed further experiments in an animal model of schizophrenia. Maldevelopment of dorsolateral prefrontal cortex is a popular hypothesis concerning the pathophysiology of schizophrenia (Lewis, 1997; Weinberger & Lipska, 1995) . Simplistically, these authors have hypothesized that altered development of the connectivity of prefrontal cortex, possibly due to primary lesions in the hippocampal area, can be responsible of the pathophysiology of schizophrenia. In this regard, we have previously shown that rhesus monkeys with developmental temporal limbic damage (including the hippocampus) grow up to have abnormalities of dorsolateral prefrontal cortex (Bertolino et al., 1997; Saunders et al., 1998) analogous to earlier findings in rats with developmental limbic damage (Weinberger & Lipska, 1995) . Therefore, we explored further the interpretation of our findings in patients with schizophrenia in a non human primate model of developmental prefrontal pathology in which we examined directly the in vivo relationship between NAA measures in dorsolateral prefrontal cortex and dopamine release in striatum. In this case the activity of dopamine was measured directly with in vivo microdialysis. Dopamine activity was measured directly in the striatum at steady-state and after infusion of amphetamine directly in the prefrontal cortex of these monkeys (to simulate the physiological stress-induced release of dopamine). Consistent with our interpretation of the human findings, we found a positive correlation between NAA measures in dorsolateral prefrontal cortex and steady-state striatal dopamine activity. In other words, consistent with our findings in schizophrenia, at steady-state monkeys with lower NAA in dorsolateral prefrontal cortex have lower striatal dopamine release. Thus, our data in rhesus monkeys directly support our interpretation of the [ 123 I] IBZM data in our patients with schizophrenia and are consistent with evidence that brainstem dopamine neurons are under tonic control of prefrontal glutamatergic projection neurons (Karreman & Moghaddam, 1996) .
We also tested the other part of the hypothesis in our monkeys by examining the relationship between NAA measures in prefrontal cortex and striatal dopamine release after acute infusion of amphetamine directly into the sulcus principalis of dorsolateral prefrontal cortex (Bertolino et al. 1999) . Strikingly, the direction of the correlation was inverted as compared to the steady-state relationship. Thus, after a pharmacological challenge of dorsolateral prefrontal neurons, lower NAA is related to higher striatal dopamine release, also consistent with the hypothesis that abnormal dorsolateral prefrontal cortex integrity leads to dissociated steady-state and stimulusinduced dopamine responses. Our data in monkeys further suggest that maldevelopment of the dorsolateral prefrontal cortex, at least as induced indirectly in our paradigm by a neonatal mesial temporal-limbic lesion and as demonstrated by our previous *H-MRSI (Bertolino et al., 1997) and dialysis studies of these animals (Saunders et al., 1998) , is an important factor in the altered responses of dopamine neurons to cortical stimuli. This latter point also may have implications for schizophrenia, as abnormal development of connections between dorsolateral prefrontal cortex and temporal-limbic structures has been implicated (Lewis, 1997; Weinberger & Lipska, 1995) and stress often leads to an exacerbation of the illness. Very recently, we have further explored in rats the relationship between neuronal development of the prefrontal cortex and dopamine-related activity (Bertolino et al., unpublished data) . In these experiments we have found that both NAA in the prefrontal cortex and dopamine related activity are not altered before puberty in rats with developmental lesions of the hippocampus. On the contrary, after puberty (similarly to the post-pubertal onset of schizophrenia) these rats show remarkable deficits of NAA in the prefrontal cortex and temporally associated altered dopamine activity.
Despite the similarities between the data in animals and in patients with schizophrenia there are some caveats. It is clear that patients with schizophrenia do not have a temporal-limbic lesion analogous to what we have produced in our monkeys or rats. This is the principal limitation of interpreting the animal findings in the context of schizophrenia. However, our model of temporal-limbic damage is not aimed at reproducing the lesion that may cause schizophrenia, which has yet to be defined. We have emphasized that our model appears to interfere with the maturation of dorsolateral prefrontal cortex (as already shown in these same monkeys, Bertolino et al., 1997) , presumably by damaging connections (direct and indirect) with temporal-limbic structures. It is the effect of our developmental lesion on the function of dorsolateral prefrontal cortex that appears to have face and predictive validity in modeling some aspects of schizophrenia.
It is also important to emphasize that our correlational findings do not prove a causal relationship between the investigated phenomena (i.e. dorsolateral prefrontal cortex and striatal dopamine). However, there are two unique and striking aspects of the correlations which argue for their significance. First, they involve two brain systems widely believed to be crucial to understanding schizophrenia, i.e. dorsolateral prefrontal cortex and dopamine, and they are related in a neurobiologically plausible way, consistent with hypotheses from earlier preclinical studies. The second striking aspect of the correlations is that they are regionally specific, i.e. found only between brainstem dopamine activity and neurons of the dorsolateral prefrontal cortex. The fact that both correlations are exactly as predicted from basic anatomical and electrophysiological studies is also noteworthy. Notwithstanding the limitations of a correlational study, it is an experiment that addresses the relationships of varying phenomena in different systems in the living brain, such as a population of neurons in the dorsolateral prefrontal cortex and dopamine activity in the striatum.
CONCLUSIONS
The results presented in this review paper provide the first evidence for an association between neuronal pathology in dorsolateral prefrontal cortex and dopamine dysregulation in schizophrenia. These studies indicate that neuronal pathology of possible glutamatergic nature is correlated to lower subcortical dopamine activity at steady-state but, at the same time, to higher release of subcortical dopamine after a pharmacological stimulus is provided. One might also speculate that the prefrontally related dissociation between steady-state and stimulus-induced dopamine can clarify some aspects of negative and positive symptoms and of their coexistence in schizophrenia. In fact, previous data have suggested that lower dopamine activity in the prefrontal cortex can be associated with negative symptoms, whereas higher subcortical activity of dopamine can be associated with positive symptoms.
Since the data in patients are also limited by the fact that we have measured dopamine activity indirectly and we have also measured it in patients who had been previously treated with antipsychotics, we have tried to confirm the interpretation of our results in animal models of schizophrenia. Indeed, the results obtained in these further experiments are consistent with those obtained in patients with schizophrenia. These studies also add further complexity to the picture by showing that development of synaptic connections between prefrontal and hippocampal neurons may be critical for understanding dopamine dysregulation. In conclusion, our data in patients with schizophrenia and in an animal model of developmental prefrontal pathology indicate that activity in the striatal dopamine system is proportionate to the degree of dorsolateral prefrontal cortex neuronal deficit. This finding is consistent with current speculation that the dorsolateral prefrontal cortex has a critical downstream impact on the regulation of striatal dopaminergic function in this condition (Weinberger et al., 1986; Grace, 1991; Davis et al., 1991; Deutch, 1992) .
